Background
Cystinuria is a type of kidney stone disease characterized by a genetic defect in cystine transporters in the proximal tubule of the kidney, resulting in massive increase in cystine load in the urine that precipitate as kidney stones (Sumorok and Goldfarb, 2013) . While categorized as a rare genetic disorder (~1/15,000 individuals) (Milliner and Murphy, 1993; Palacin et al., 2001) , patients suffering from cystinuria experience excruciating pain from recurrent stone episodes (Dent and Senior, 1955) . Unlike other, more common kidney stone types (such as calcium oxalate-or uric acid-based), cystine stones are denser and resistant to extracorporeal shock wave lithotripsy (SWL), requiring patients to undergo multiple emergency room visits and surgical procedures to remove obstructive stones (Mattoo and Goldfarb, 2008) . The current drug regimen for cystinuria are geared towards either increasing urinary pH (potassium citrate) or reducing urinary cystine levels (thiol drugs, such as tiopronin), which are generally associated with serious side effects (Koraishy et al., 2013; Sumorok and Goldfarb, 2013; Saravakos et al., 2014) . Further, clinical (Becker et al., 2007) and murine model (Zee et al., 2017) studies have found little evidence that these drugs are ultimately effective and long-term patient compliance is poor. Thus, there is an urgent need for developing effective therapies to treat cystinuria. Our recent results show that increasing urinary cystine solubility can be a viable alternative strategy for drug development in cystinuria. Herein, we describe an in vitro cystine solubility assay to identify c.
Mass Spectrometer: AB Sciex 4000 LC-MS/MS mass spectrometer (AB Sciex, model: QTRAP ® 4000) fitted with a Turbo V™ ion source
14.
Centrifuge (standard, with attachment for 4 ml vials)
15.
Weighing scale (standard)
Note: Standard lab equipment should be used for this assay as indicated. Specific brand and catalog numbers (as used in our work) have been provided for components of the HPLC-MS setup-these can be replaced by equipment from other vendors; arguably any HPLC-MS setup will work with this assay, but may need additional optimization based on vendorprovided instructions. 
1.
Prepare 2 L of 20 mM ammonium acetate in HPLC-grade water. This will be used for HPLC sample preparation, as well as to make one of the HPLC mobile phases.
Note: 2 L is a suggested volume, adjust based on the anticipated number of drugs being tested.
2.
Adjust pH of this solution to ~9.0-9.5 (this does not have to be accurate or reproducible) by adding ammonium hydroxide in batches of ~0.5 ml followed by pH measurement. A standard pH meter can be used for the purpose; however, it is recommended that the pH probe not be dipped directly in the solution. Instead, a small aliquot (~0.5-1 ml) should be transferred to a culture tube for each round of pH measurement.
Caution: Ammonium hydroxide is highly corrosive; gloves, safety goggles, and lab coat should be worn at all times while handling this compound. It is also advisable to handle it only inside a chemical safety hood.
3.
Measure 950 ml of this pH-adjusted 20 mM ammonium acetate solution in a clean glass bottle (1 L) and add 50 ml of acetonitrile (ACN), using appropriate glass cylinders. This will be used as mobile phase A for HPLC.
Note: This solution can be stored for ~2 weeks at room temperature. Bottles and glass cylinders should be thoroughly cleaned first with HPLC water and then with ACN prior to their use (detergents/soaps should be strictly avoided).
4.
Measure 1 L of ACN to another clean glass bottle (1 L). This will be used as mobile phase B for HPLC.
6.
Prepare adequate amount of 30 µM d 4 -CC solution from this 300 µM solution of d 4 -CC, by diluting (10 folds) with pH-adjusted 20 mM ammonium acetate solution (from step A2).
Note: This solution should be prepared fresh for each batch. 3.6 ml of this solution will be used as internal standard per vial used in the assay-calculate the amount required based on the number of drugs (and replicates) being tested.
7.
Prepare 500 µl each of 2.5 mM and 250 µM solutions of DL-cystine dimethyl ester (CDME) in HPLC-grade water (5×). CDME is used as a positive control for the assay as it has been shown to significantly increase cystine solubility (Rimer et al., 2010; Zee et al., 2017) .
8.
Prepare test drugs solutions (5×): weigh out test drugs and dissolve in HPLCgrade water to achieve concentrations 5 folds higher than intended for testing; in the course of the assay, this will be diluted to 1×.
Caution: The drugs may pose health and/or environmental hazards; thus, they should be handled with proper safety precautions.
9.
Prepare the positive control vials (4 replicates each): two sets of 4 × 4 ml glass vials with 100 µl each of 2.5 mM and 250 µM solutions of CDME (from step A7). In the course of the assay, this will be diluted 5 folds to achieve a final concentration of 500 µM and 50 µM CDME respectively.
10.
Prepare the negative control vials (4 replicates each): one set of 4 × 4 ml glass vials with 100 µl each of HPLC water.
11.
Prepare the drug vials (4 replicates each): one set of 4 × 4 ml glass vials with 100 µl each of 5× drug solution (from step A8). In the course of the assay, this will be diluted to 1×.
Notes:
a.
For steps A9-A11, at least 3 replicates (ideally 4 replicates) per condition should be used.
b.
Borosilicate glass vials as indicated are absolutely required for this step; plastic vials are not compatible with this assay.
B. Preparation of supersaturated solution of cystine

1.
Weight out ~96 mg of L-cystine (referred to as CC) in a round bottom flask and add 100 ml of HPLC-grade water to achieve a final concentration of 4 mM of CC.
Notes:
a.
Wash round bottom flask thoroughly with HPLC-grade water, ACN, and water again. Avoid the use of soaps/detergent.
b.
CC will not dissolve at this stage.
c.
100 ml is a suggested volume, adjust based on anticipated number of drugs being tested. Here is an exemplary scenario when 10 drugs are being tested at two concentrations (4 replicates per condition): in this case, one will have 80 drug vials (10 drugs × 2 concentrations × 4 replicates each) and an additional 12 vials for the positive and negative controls to be used in each setup (see steps A9 and A10), i.e., a total of 92 × 4 ml vials. For such a setup, one would need a total of 92 × 400 µl, i.e., 36.8 ml of 4 mM CC solution (vide infra, step C1). Thus preparing 50 ml of solution for reflux (by weighing ~48 mg CC) would suffice.
2.
To this add a magnetic stir bar (of suitable size).
3.
Attach the round bottom flask containing the stir bar and CC suspension to a reflux apparatus. Securely attach the flask to the Allihn condenser using clips and turn on the water flow through the condenser jacket. Ensure that a steady (but not vigorous) flow of water is achieved through the condenser.
Note: Refluxing refers to the process of heating a solvent (or suspension) to its boiling point and allowing the evaporated solvent to condense back into the original flask, most often using cold water flowing through an Allihn condenser. Refluxing ensures that the solvent (or suspension) is constantly maintained at its boiling point (a fixed temperature), for a prolonged period, without any significant solvent loss due to evaporation.
Caution: The reflux apparatus should be set up inside a chemical safety hood. The process requires heating at high temperatures, thus appropriate safety precautions should be taken.
4.
When the water stream through the reflux condenser is steady, turn on the stirring and the heating. It is preferable to stir at a moderate speed (based on individual stirrer settings) and heat at a temperature slightly above the boiling point of water (~105-110 °C). Monitor the flask closely (every 2-3 min) for water droplets forming at the bottom of the condenser; when the first (approximate) condensed water droplet falls back in the flask, mark the time as the start of refluxing.
5.
Reflux the CC suspension for ~20 min, or until all the CC has dissolved to generate a 4 mM supersaturated CC solution.
6.
Turn off the stirring and heating.
7.
Remove heating mantle from under the round bottom flask.
Caution: Both the mantle and the flask will be extremely hot-use of heatprotective gloves and lab coats are strongly recommended.
8.
Let stand for 30-40 min or until the supersaturated CC solution is cooled to almost room temperature, without disturbing the solution.
Note: Constant water flow through the reflux condenser is still required throughout the process.
C. Cystine precipitation assay
1.
When the supersaturated CC solution from step B8 is cooled to almost room temperature, carefully detach the Allihn condenser from the flask. Using a pipette transfer 400 µl of this solution to each of the control (positive and negative) as well as the drug vials prepared in steps A9-A11.
Note: This step should be completed immediately after B8. Also, make sure not to disturb the supersaturated CC solution unnecessarily, i.e., any more than required for the transfer, otherwise CC may crash out.
2.
Briefly vortex each vial to homogenize the contents.
3.
Incubate vials at 4 °C in an incubator or a fridge for 48-72 h (ideally one that maintains consistent temperatures without much fluctuations).
4.
At the end of the incubation period, centrifuge the vials at 1,300 × g at 4 °C for 15 min.
5.
Carefully remove as much of the supernatant from each vial with a 1 ml pipette, without disturbing the crystalline CC precipitate. Next, using gel loading tips and a suitable pipette, remove the remaining supernatant without drawing up any of the precipitated cystine particles. Discard the supernatant.
Note: This step requires some practice to effectively remove all supernatant while keeping behind most of the CC particles; we recommend a couple of practice runs with the positive and negative controls before running drug experiments.
Caution: The supernatant may contain hazardous drugs/chemicals; thus disposal of the supernatant should be done according to respective institute guidelines.
6.
Add 3.6 ml of the 30 µM d 4 -CC solution (prepared in A6) using a 1 ml pipette to each vial (4 × 900 µl transfers to each vial).
7.
Vortex well to combine the contents. The precipitated CC may not dissolve at this stage completely.
8.
Freeze the solutions at −20 °C.
Notes:
Step C8 is necessary to dissolve the precipitated crystals of CC. In our experience, simply leaving the vials at a −20 °C freezer works best. Attempting to speed up the process by using dry ice or liquid nitrogen results in the glass vial cracking and thus not recommended.
b.
The vials can be stored anywhere between a few hours to several months at −20 °C.
D. Mass Spectrometry-based quantification of precipitated cystine
1.
When ready for analysis, thaw the contents of the precipitation vials (step C8) at room temperature.
2.
Once at room temperature, vortex the vials briefly and carefully inspect each vial for remaining CC precipitates. Ideally all vials should have clear solutions at this point.
Note: Following the steps as indicated, we have never experienced residual precipitates at this stage. Nonetheless, it is possible that certain drugs may decrease CC solubility such that a lot of CC precipitates during the incubation and not all go back in solution. In such cases, it will be necessary to transfer the vial contents (including any remaining precipitate) to larger tubes, add more HPLC-grade water (the d 4 -CC will normalize any dilution effects during mass spectrometric quantification), and redo steps C8 and D1 for these vials.
3.
Transfer 1 ml of the clear solution from each 4 ml vials to prelabeled HPLC autosampler vials.
4.
Prepare a blank vial with 1 ml HPLC-grade water, as well as an internal standard vial with 1 ml of the 30 µM d 4 -CC solution (prepared in A6).
5.
Analyze samples using HPLC-MS/MS following vendor-specific instructions. Briefly, this comprises the following steps:
a.
Optimize multiple reaction monitoring (MRM) transitions for CC and d 4 -CC. This includes determination of compound-specific precursor and product ions and optimal MS parameters for each transition (Q 1 , precursor→Q 3 , product), achieved by isocratic flow injection of the 10 µM solution for each compound. Label the most intense (Q 1 →Q 3 ) transition as quantifier and the next best transition as qualifier for each compound (see Table 1 ).
b.
For LC separation, use a solvent gradient of 95% of 20 mM ammonium acetate (pH ~9.0-9.5) in water and 5% acetonitrile (mobile phase A)-ACN (mobile phase B) at a flow rate of 0.8 ml/min, starting with an acetonitrile content of 55% for 0.25 min, decreased to 2% at 1.15 min and held at 2% until 1.65 min. Reconstitute the LC column subsequently to its initial condition over the next 0.1 min and reequilibrate for 0.5 min. Under these conditions, CC and d 4 -CC elute at a retention time = 1.1 min with our HPLC setup. The LC Column is maintained at 35 °C for the analysis.
c.
Operate the mass spectrometer in positive ion mode with the following source conditions (specific to AB Sciex's 4000 QTRAP instrument): curtain gas (CUR) 20, nebulizer gas (GS1) 30, auxiliary gas (GS2) 30, ionspray voltage (IS) 4,500 V, and source temperature (TEM) 450 °C.
d.
Run the blank sample first, followed by the internal standard sample, and followed by the rest of the assay samples. It is also recommended to run a blank between each type of samples, e.g., blank-4 replicates of Neg control-blank-4 replicates of 50 µM CDME-blank-etc.
Notes:
i.
Please consult a mass spectrometrist or the University/Institute's mass spectrometry core for help with these steps.
ii.
The steps pertaining to mass spectrometry are provided specifically for use with a triple quadrupole-type instrument. Other mass spectrometers and/or simple scanning m/z of the molecular ions of CC (241) and d 4 -CC (245), instead of MS/MS detection, may also be used. The red shaded area shows the area under the curve (AUC) for CC in this sample, which is proportional to the quantity of CC in the sample. Table 1 LC-MS/MS parameters Bio Protoc. Author manuscript; available in PMC 2017 September 01.
